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INTRODUCTION
The West Indian manatee (Tricheclius nmnarus katirosrris) is one of the most endangered marine mammals in the coastal waters of the United States with an estimated population of 3,000 animals (7). The long-term survival of this species is in serious jeopardy due largely to human-related and perinatal mortality and destruction and degradation of habitat caused by widespread development in Florida (7) . Because of the manatee's ability to produce only a single calf every 2.5-5 yr, mortality may be exceeding the population's ability to produce new animals.
From early March to late April 1996, at least 149 manatees died in an unprecedented epizootic along approximately 80 miles of the southwest coast of Florida (25). Mortalities were centered around the estuarine areas of the Caloosahatchee River, northward to Venice and southward to Marco Island, just south of Naples. An intensive multidisciplinary pathologic and epidemiologic investigation strongly indicated that an infectious agent or anthropogenic toxicant was not the likely cause of the epizootic (25) . At about the same time a significant red tide dinoflagellate bloom, largely composed of Gyninodiiiiunt breve. was present in the same geographic area zis the manatee epizootic (1, 25). These dinoflagellates produce brevetoxin, a biotoxin that is neurotoxic and can be fatal to fish, mammals, and birds (2, 14). The biology and toxicology of brevetoxin has been reviewed in detail (2, 22, 23). However, brevetoxin-associated mortality in manne mammals is poorly understood. Brevetoxin-associated mortality was postulated in bottlenose dolphins (Trrrsiops tr~uicarzts) in southwestern Florida in 1946-1947 and along the U.S. Atlantic coast in 1987-1988 (9, 11) . Similar toxin-associated manatee mortality was speculated in southwest Florida in 1963 and 1982 (17, 20) :
In the 1996 manatee epizootic, brevetoxin was isolated in quantities from 2to 15-fold above control levels in stomach contents, liver, kidney, and lung from 10 manatees tested from the epizootic using 8 synaptosomal binding assay (1). Attributing the tissue concentrations of brevetoxin as the cause of the manatee epizootic is challenging for a number of reasons. First, manatees are exposed to brevetoxin repeatedly throughout their lives in southwest Florida, and the concentration of brevetoxin to which these manatees are chronically exposed is unknown (20). Thus, threshold and baseline levels are undetermined. Second, once a toxin burden is established, the toxin pharmacokinetics, residence time, and pathogenesis of intoxication are also unknown. Finally, the brevetoxin concentration that can functionally compromise and adversely affect a manatee is unknown.
In this report, the presence of brevetoxin in tissues from these manatees was confirmed using an immunohistochemical technique. Additionally, histopathologic lesions were correlated with the presence of toxin. This correlation suggests possible m d k u l a r and cellular mechanisms for brevetoxicosis in manatees. These findings further implicate brevetoxicosis as a component of and the likely primary etiology for this epizootic.
MATERIALS AND METHODS
Between March 5, 1996 and April 27, 1996, dead manatees (n = 149) centered in the Charlotte Harbor area of southwest Florida were discovered during a red tide bloom that had persisted in the area for many weeks (25). Manatees were necropsied by representatives from the Marine Mammal Pathobiology Laboratory of the Florida Department of Environmental Protection under the supervision of one of the authors (S.W.). Seventy-four carcasses with minimal postmortem decomposition were examined for the gross necropsy study.
Brain, liver, spleen, kidney, lung, multiple lymph nodes, heart, small intestine, and pancreas were collected from 25 manatees from the gross necropsy study. Upper respiratory tract including nasal mucosa, trachea, and bronchi were collected from 11 manatees. Tissues were placed in 10% neutral buffered formalin. Formalin-fixed tissues were routinely processed, embedded in paraffin, sectioned at 5 pm, and stained with hematoxylin and eosin for examination by light microscopy. Prussian blue and Brown and Brenn histochemical stains were used to identify hemosiderin and bacteria, respectively.
For immunohistochemistry, paraffin blocks from 15 manatees were sectioned at 5 Fm, deparaffinized, and rehydrated with distilled deionized water (DDI). After inhibition of endogenous peroxidase and a normal serum blocking step to prevent nonspecific background staining of the secondary antibody, the sections were exposed to a goat polyclonal primary antibody to brevetoxin (GAB) that was isolated and affinity purified in a previous study The appropriate working dilution for GAB was determined to be 1:150. Following overnight primary antibody incubation at 4°C. the sections were washed with phosphate-buffered saline (PBS), then sequentially incubated for 30 min with a secondary biotinylated anti-goat IgG (Vector Laboratories, Burlingame, CA) and for 50 min with an avidin-biotin complex (Vector Laboratories, Burlingame, CA). The sections were washed with PBS between each incubation. The end product was visualized by incubation with the chromogen diaminobenzidine tetrahydrochloride and 0.02% hydrogen peroxide in a 0.1 M Tris buffer for 5-6 min. The sections were then washed with DDI and lightly counterstained with hematoxylin.
Negative controls included omission of the primary antibody, GAB, in the diluent and substitution of the primary antibody with goat IgG. Additionally, GAB was substituted with the nonrelated polyclonal antibody, glial fibrillary acidic protein (GFAP) (DAKO Laboratories, Carpenteria, CA), which was examined at a dilution of 1:200. Later in the study, GAB was substituted with interleukin-1-p-converting enzyme (ICE) (Genzyme, Cambridge, MA) and examined at a dilution of 1:150.
A positive control was developed using a mouse model. Six mice were injected intraperitoneally with 4 pg (1MU) brevetoxin followed by euthanasia by cervical dislocation 6 hr postinjection. Tissues from these mice were processed for histopathologic and immunohistochemical evaluation as described above. Microscopically, all mice had a moderate to severe multifocal lymphohistiocytic peritonitis. The mouse peritoneal lymphocytes and macrophages were intensely immunoreactive for brevetoxin and were used as the positive control for the immunohistochemical studies.
Nonepizootic manatee (n = 6), mouse (n = 2), _and human splenic (n = 1) tissues were similarly immunohis-' tochemically stained for validation purposes of the technique. The nonepizootic manatee and mouse tissues in the validation study were brain, spleen, kidney, lung, multiple lymph nodes, heart, liver, small intestine, and pancreas. Five of the validation study manatees were from the Atlantic coast of Florida and had no known brevetoxin exposure. Four of these manatees died related to traumatic injuries from a boat impact. The other manatee died due to a suppurative colitis and sepsis. The sixth nonepizootic manatee was from the west coast of Florida and therefore had potential brevetoxin exposure but did not die in the epizootic. This manatee also died from boat-related traumatic injuries.
Additionally, manatee tissues (n = 5) from the 1982 epizootic were also immunohistochemically stained for brevetoxin. This epizootic was associated with a bloom of brevetoxin-producing G. breve (20) . Paraffin-block tissues stained from this epizootic were brain, lung, spleen, thymus, liver, adrenal gland, and multiple lymph nodes.
RESULTS
Grossly, none of the manatees examined had evidence of chronic wasting or traumatic injury. Consistent gross lesions were present in the nasopharyngeal tissues, trachea, bronchi, lungs, liver, kidney, and brain of all manatees. The nasopharyngeal tissues were characterized by severe diffuse mucosal erythema, edema, and congestion. The lungs had severe, diffuse congestion with .a diffuse red mottled appearance. The lung margins were bright red to pink. Copious amounts of blood and serosanguinous fluid oozed from all cut lung surfaces. The tracheal and bronchial mucosa were less congested, edematous, and erythematous and occasionally contained adherent, blood-tinged, ropey mucus.
The liver and kidneys of all cases were severely congested and dark mahogany to brown, respectively. The renal cortices and medullae were dark red, and the corticomedullary junctions were demarcated by a fine black line. Upon sectioning, the liver, kidney, and most other organs bled profusely. Additionally, the meninges and choroid plexi were congested.
The gastrointestinal tracts were generally full of finely chewed vegetation and digesta. Tunicates (i.e., ascidians, sea squirts) were found in 3 gastrointestinal tracts. No gross gastrointestinal lesions were found.
Microscopically, 21 (84%) manatees had moderate to severe, multifocal to diffuse pulmonary cpgestion, hemorrhage, and edema ( Fig. la) . Mild to severe, chronicactive catarrhal inflammation of the nasal mucosa, trachea, bronchi, andor larger bronchioles was present in 11 (100%) of the cases. This inflammation was typically characterized by multifocal submucosal infiltrates of lymphocytes and plasma cells with sparse neutrophils. Submucosal congestion and hemorrhage were frequently seen. The nasal mucosal inflammatory lesions were severe and diffuse often with an accompanying excessive catarrhal exudate, congestion, and hemorrhage that resulted in submucosal thickening (Fig. lb) . Occasionally, intramucosal vesicles contained .proteinaceous fluid, a heterogeneous coccobacillary gram-negative bacterial population, and neutrophils.
Hemosiderosis, confirmed by positive Prussian blue staining, was present in multiple tissues in 21 (84%) of the manatees. Hepatic, central nervous system (CNS), and increased splenic deposits of hemosiderin were present. The hepatic and splenic hemosiderosis was generally moderate and multifocal. Low numbers of perivascular siderophages were present in the cerebrum, cerebellum, meninges, and spinal cord ( Fig. lc) . In 13 (52%) manatees, the CNS hemosiderosis was also associated with mild hemorrhage and congestion.
In 12 (48%) manatees a mild, multifocal, nonsuppurative leptomeningitis was present. This lesion, which primarily affected the cerebellar meninges, was characterized by multifocal lymphocytic infiltrates with mild hemorrhage. One of these manatees had a concurrent mild, nonsuppurative encephalitis. Causative organisms were not seen. The remaining tissues had no significant microscopic changes. Immunohistochemical evaluation of these tissues demonstrated the presence of brevetoxin primarily in macrophages and lymphocytes from multiple tissues in all cases from the 1996 and 1982 epizootic. Uniform, intensely positive staining characterized by abundant cytoplasmic brown granular pigment deposition was noted in lymphocytes of multiple lymph nodes and the spleen, Kupffer cells and pulmonary macrophages ( Fig. 2a ). In the lymph nodes and spleen, immunostaining occurred in most follicular and some paracortical lymphocytes and in germinal centers and some periarteriolar lymphoid sheath (c) X400. TOXICOLOGIC PATHOLOGY lymphocytes, respectively. Additionally, macrophages stained intensely positive in lymph node and splenic tissues. Many lymphocytes, macrophages, and rare plasma cells associated with the catarrhal rhinitis, tracheitis, and bronchitis from the 1996 epizootic also stained intensely positive. Meningeal lymphocytes and microglial cells from these cases stained intensely positive and mildly positive, respectively. Additionally, mild diffuse positive immunostaining was present in the proximal and distal tubules of the kidney from the 1996 cases.
Immunohistochemical negative controls for each tissue section were always negative. The GAB-substituted GFAP immunohistochemical preparations were also negative except for endogenous GFAP staining of normal astrocytes in brain sections. Peritoneal lymphocytes and macrophages of the mouse positive control were always intensely positive. Additionally, ICE-stained slides were intensely positive with a cellular tropism similar to GAB (i.e., macrophages and lymphocytes) (Fig. 2b) . The ICE immunoreactivity occurred only in positive control mice and in manatee tissues from'the epizootic.
Tissues from the 5 manatees from the Atlantic coast of Florida (Fig. 2c) , mouse tissues and human splenic tissue used in the immunohistochemical validation study were negative with GAB, GFAP (except for endogenous staining of normal astrocytes in brain sections), and ICE. Lymph node and splenic lymphocytes and macrophages from the west coast validation study manatee were sporadically weakly positive with GAB and negative with GFAP (except for endogenous staining of normal astrocytes in brain sections) and ICE.
DISCUSSION
The presence of brevetoxin was immunohistochemically demonstrated in manatee tissues from the 1996 epizootic. Brevetoxin was not demonstrated in human and mouse control tissues or manatee control tissues that originated from geographic areas not typically associated with red tide blooms. These data confirm that brevetoxicosis was a component of and likely played a central role in the 1996 manatee epizootic.
Additionally, the immunohistochemical demonstration of brevetoxin in association with multiple histologic lesions suggests possible pathogenic mechanisms for this intoxication. The lesions of the upper respiratory tract were the only severe and consistent inflammatory lesions seen in the manatees from the epizootic. In other species, catarrhal rhinitis is typically caused by infectious agents of low virulence or due to inhalation of aerosolized noxious agents (16) . No primary causative organisms for the nasal lesions were isolated from manatees from the epizootic (25) . The immunohistochemical demonstration of brevetoxin associated with the nasal lesions suggests that a route of brevetoxin exposure was inhalation of aerosolized toxin. In humans, inhalation of wind-borne aerosolized brevetoxin created by wave action produces intense respiratory mucosal irritation with a copious catarrhal exudate (4, 23) . The upper respiratory tract lesions seen in the manatees are compatible with a similar etiopathogenesis. Additionally, pulmonary congestion, hemorrhage, and edsma were common gross and histopath--ologic lesions in manatees from the epizootic. These changes are considered nonspecific and are typically associated with acute agonal cardiovascular collapse. They may frequently be seen in animals dying from shock and could have also been due to an aerosolized intoxication. Unfortunately, the gross and histopathologic effects of brevetoxicosis are unknown. Future controlled brevetoxin inhalation studies could help confirm this mechanism of intoxication.
Hemosiderosis was also a common histopathologic finding in multiple tissues. Hemosiderosis is the deposition of the storage form of iron in tissues and is associated with the excessive destruction of erythrocytes. The degree of hemosiderosis present in the manatee tissues implied a chronic ongoing hemolytic process and appeared asynchronous in relation to the acute shock lesions present in the lungs. Hemolytic anemias with resultant hemosiderosis have not been reported in manatees. However, in marine and freshwater fish, and to a lesser extent in bird mortalities, considerable multiorgan hemosiderosis has been found following exposure to brevetoxin (1 3, 21) . In these fish and birds, hematologic abnormalities consistent with chronic hemolytic anemia and consumption coagulopathy were described. These data suggest that mortality resulting from brevetoxicosis may not necessarily be acute but may occur after days or perhaps weeks following inhalation and/or ingestion of subacute toxin concentrations. Additionally, synthesis of these data suggests two different, but not mutually exclusive, pathogenic mechanisms for mortality-related brevetoxicosis in manatees. Neurointoxication has been well documented ..with brevetoxin exposure in other species (2, 14) . Neurologic signs including muscle fasciculations, incoordination, and inability to maintain a righting reflex were reported from the only 4 manatees rescued alive from the epizootic (25) . These manatees recovered following supportive care and were eventually released. This clinical pattern is consistent with red tide poisoning (20). On the other hand, a second component to manatee brevetoxicosis may be a hemopathy characterized by a hemolytic anemia and resultant hemosiderosis as described in birds and fish. This second component may involve exposure from chronic ingestion and/or inhalation. Additionally, manatees may succumb to a combination of the 2 mechanisms.
The final consistent histopathologic lesion was a generally mild nonsuppurative leptomeningitis with congestion and hemorrhage. The immunohistochemical demonstration of brevetoxin in lymphocytes and microglial cells of the brain confirmed the presence of toxin in the CNS. The mild immunostaining of microglial cells was interesting because these cells are phagocytic and analogous to macrophages that also stained positive for brevetoxin (16) . It is also interesting that the meningeal inflammatory changes typically involved the cerebellum, which could partially explain the neurologic signs of incoordination seen in the 4 manatees rescued alive from the epizootic. The widespread immunohistochemical demonstration of brevetoxin in manatee tissues from the 1982 epizootic suggests brevetoxin was also a component of this die-off. Circumstantial evidence at the time supported this hypothesis (20) . However, the paucity of gross and histopathologic lesions from the 1982 epizootic is in contrast to the lesions seen in 1996. The only similar histopathologic lesions from the 2 epizootics were congestion and hemorrhage of the brain. However, in the 1982 epizootic, upper respiratory tract tissues were not examined and the primary route of brevetoxin exposure was thought to be due to incidental ingestion of filter-feeding ascidians. Unlike the 1982 epizootic, gastrointestinal tract ascidians were not a prominent feature of the 1996 epizootic. The apparent discrepancy in the histopathologic lesions from the 2 epizootics may reflect the complexity of the pathogenic mechanisms of brevetoxicosis in manatees.
The immunohistochemical demonstration of brevetoxin in lymphocytes, macrophages, and microglial cells in the tissues from these manatees supports a proposed molecular action of brevetoxin. Two separate convergent bodies of data, molecular computer modeling enzymology and biochemical enzyme inhibition studies, have implicated brevetoxin and other polyether marine toxins as enzymatic binding inhibitors of cysteine cathepsins (5, 6, 24) . Cathepsins are powerful lysosomal proteinases present in many cell types and are thought to be important in intracellular protein turnover, bone remodeling, and prohormone activation (6) . Some cathepsins also function as epitope-presenting enzymes following antigen processing. Improper regulation of cathepsins has been implicated in cancer metastasis, arthritis, periodontal disease, muscular dystrophy, emphysema, and glomerulonephritis (10) . Specifically, cysteine cathepsins are intracellular proteinases usually found only in the cytosol o f in lysosomes. The concentration of lysosomes, and hence of cysteine cathepsins, varies in different cell types but is particularly high in the spleen, lymph nodes, kidney, and tissue macrophages (6) . The demonstration of the immunostaining of brevetoxin in lymphoid tissue and tissue macrophages in this study supports this proposed molecular action of brevetoxin.
The immunohistochemical demonstration of brevetoxin largely in B-cell-dependent areas can also be explained by a unique function of B lymphocytes. B cells are uniquely adapted to bind soluble molecules through their cell surface immunoglobulin. However, B cells can also function as antigen-presenting cells by internalizing soluble antigens (including toxins) bound by their surface immunoglobulins and then presenting peptide fragments of these antigens as major histocompatibility (MHC) : peptide complexes (15) . The internalization of brevetoxin by B cells could represent another possible molecular mechanism for the pathogenesis of this intoxication. It could also explain the absence of brevetoxin in serum from the 4 manatees rescued alive from the epizootic. The brevetoxin in these cases was bound to cell surfaces and internalized in a similar manner as bacterial toxins in other species (15) .
An interesting part of the immunohistochemical data is the immunostaining of the brevetoxin-positive cells with ICE. Interleukin-1-j3-converting enzyme is a cysteine proteinase that catalyzes the conversion of the proinflammatory cytokine, interleukin-1-P, into a bioactive form (8) . This enzyme holds considerable interest because of the potential role of this or related enzymes in the induction of apoptosis. This finding suggests that these brevetoxin-containing cells were being programmed for cell death following toxin accumulation. Additionally, the synthesis and release of bioactive interleukin-1 could initiate the release of other inflammatory cytokines. In horses, endocytosis of endotoxin complexes by macrophages and other cells initiates the release of interleukins, tumor necrosis factor, and lipid mediators in a cascade of inflammatory events that can lead to endotoxic shock and death (12, 18, 19) . This catastrophic cascade of cytokine release causes vasodilatation, loss of plasma volume due to increased vascular permeability, and sometimes a consumption coagulopathy (15) . The release of cytokines could account for the gross and histologic lesions of multiorgan congestion, hemorrhage, and edema seen in the manatees from the epizootic. Additionally, a consumption coagulopathy has been postulated in fish and birds with brevetoxicosis (13, 21) . Therefore, the release of inflammatory mediators may also occur in manatees with brevetoxicosis, culminating in fatal toxic shock. The measurement of the serum activity of these inflammatory mediators in future epizootic events may prove useful in investigating this hypothesis.
When coupled to the current speculation of cathepsin inhibition by brevetoxin, the combined histopathologic and immunohistochemical data suggest 2 possible cellular mechanisms for brevetoxosis. Brevetoxin probably enters the generalized circulation by ingestion and/or inhalation. The first mechanism involves brevetoxin being phagocytized normally by macrophages, internalized by lymphocytes, and subsequently acting as a competitive inhibitor of the degradative enzymes in these cells. These cells then become programmed for cell death by an unknown mechanism. Upon cell death, other phagocytic cells break down the cellular debris, reincorporate brevetoxin into their enzymatic machinery, and repeat the process of programmed cell death. The second mechanism involves brevetoxin being similarly phagocytized or internalized and subsequently initiating the release of a cascade of inflammatory mediators that culminate in toxic shock and death. A combination of both mechanisms may also occur resulting in the clinical signs of neurointoxication, hemolytic anemia, and/or immunologic compromise.
The weakly positive immunostaining of lymphocytes and macrophages in tissues from the control validation study manatee from the west coast of Florida (but not from the epizootic) raises questions about the pathogenesis of brevetoxicosis in this species. Manatees from Florida's west coast have potential brevetoxin exposure because red tide blooms are common in this area (20) . This finding suggests that mortality-associated brevetoxicosis may be cumulative and that this epizootic was the result of high dose and/or prolonged exposure to brevetoxin. Further controlled laboratory and field studies are indicated to investigate these theories, especially in light of the critically endangered status of the West Indian manatee.
